Titanium thin films were grown using DC magnetron sputtering, and then treated in a hot cathode arc discharge plasma system for nitrding by keeping 80 % N2 and 20 % H2. In this plasma system, we can independently control the plasma and nitrding parameters. During our analyses, low intensity and larger FWHM of diffraction peaks clearly indicated that TiNx films are not fully crystalline and a large fraction of them is still amorphous. AFM measurement showed that there is a reduction in particle size (32.76 nm to 16.95 nm) as well as in surface roughness (35.6 nm to 31.8 nm) with an increase in nitriding time (60 min. to 120 min.). Photoluminescence measurement depicted the presence of strong peak at 3.24 eV and other weak peak at 3.37 eV for the sample nitrided for 120 min. The modifications in local electronic structure after nitriding are understood using XPS measurements at different elemental edges. TiNx films developed using DC magnetron sputtering and treated in plasma system may find applications in solar control panels and as a resistance to high temperature coatings.
INTRODUCTION
TiN/TiNx compounds exhibit good thermal stability, high melting point and extreme hardness. Due to these properties, titanium nitride can be used for varieties of applications such as thin film coating, optical coating, anti-reflection coating, anti-static coating, diffusion barrier and electrodes for semiconductor industries [1] [2] [3] . By varying stoichiometric ratio, these compounds display different colours (exhibiting a golden yellow colour for equal ratio of Ti/N) [4] [5] . For sub-stoichiometric compounds (x < 1), high density of nitrogen vacancies are most significant defects whereas nature of defects is not clear for over stoichiometric compounds (x > 1). However, there are predictions related to presence of titanium defects in over-stoichiometric compounds [6] [7] . There are several methods for the growth of TiN thin films such as ion-beam deposition [8] , reactive evaporation [9] , plasma focus device [10] , laser ablation [11, 12] and magnetron sputtering. Usually, a titanium metal target is used in nitrogen-argon gas atmosphere for the deposition [13] . Various physical properties of TiN coatings are strongly dependent upon deposition technique and growth parameters. DC magnetron sputtering method has been widely used for the preparation of TiN films [14] [15] [16] [17] [18] [19] . The properties of TiN thin films grown using this technique is affected by various parameters such as gas pressure, substrate temperature, composition of gas mixture, negative bias, etc. A variety of results have been reported (with regard to several factors involved in film growth) and alternative interpretations are proposed to explain the seemingly conflicting observations [20] [21] [22] [23] . In the present work, we are interested to find out the role of nitriding time over structural, morphological, optical and electronic properties of TiNx thin films developed by DC magnetron sputtering and treated in hot cathode arc discharge plasma system.
EXPERIMENTAL
Titanium thin films were prepared on Si substrate by DC magnetron sputtering technique. Sputtering was carried out at 50 W powers in high purity Argon gas environment at 1×10 -3 mbar pressure. Before deposition, target was pre -sputtered to remove the surface oxide layer of the target in ~ 10 min. After pre-sputtering, thin films were prepared from metallic titanium of 99.99% purity and then nitrogen was fed into these films at 2×10 -4 mbar base pressure using hot cathode arc discharge plasma system described elsewhere [24] . In this system, we optimized the plasma parameters and nitriding process separately. A hot thoriated tungsten filament (diameter ~ 0.50 mm) was mounted on two stainless steel rings at bias voltage of 14 V in the presence of 80% N2 and 20% H2 gases. Uniform plasma distribution takes place throughout main chamber at a fixed discharge current of 200 mA. Various plasma parameters such as floating potential, electron and ions density were found to be very much dependent over the filament bias. So these parameters were altered by varying the bias potential and measured with the help of single Langmuir probe (made up of tungsten wire having probe tip length of 10 mm). For the nitriding process, cathode was kept at negative bias (fixed 150 V) and the anode was kept grounded. For additional heating of the samples, a heater was attached on the bottom of plasma chamber. In the present work, Ti thin films were nitrided at different nitriding times viz. 30 min, 60 min and 120 min at a fixed voltage of 150 V. These films were characterized for various physical properties using versatile characterization techniques. The crystal structure of the films was determined by Bruker D8 X-ray diffractometer operated at 40 kV and 40 mA using CuKα radiation source. Atomic force microscopy (AFM) was used for the measurement of surface morphology and roughness of the films. The optical properties of the films were measured with the help of photoluminescence spectroscopy. Further, compositions of the films (Ti/N ratio) were determined with the help of X-ray photoelectron spectrometer (Phoibus-150 XPS from Specs GmbH) present at IIT Delhi.
RESULTS AND DISCUSSION
XRD pattern of TiNx films deposited at different nitriding times are shown in Figure 1 . Here low intensity and large FWHM of diffraction peaks clearly indicate that the films are not fully crystalline and a large fraction of the films are still amorphous. It has been found that films grown at room temperature exhibits peaks corresponding to (111), (220) planes of TiN. A visual inspection over the XRD data indicates that Bragg's angle of the (200) plane has been shifted slightly towards lower angle side. The shift in the (200) plane corresponds to the distortion in the metastable phase because of the fact that sputtering is a non-equilibrium process, and the interstitial sites in hcp a-Ti (1.19Å) are smaller in size as compared to nitrogen atoms (1.35Å) [25] . At nitriding time of 120 min, the intensity of Bragg reflections are enhanced as compared to the film deposited at low nitriding time, which is an evidence of the improved crystallinity. The stoichiometry continued to remain TiNx (x < 1.0), but only crystallites of (220) orientation could be observed.
In order to check the effect of nitriding over the morphology of Ti thin films, AFM measurements were carried out. Three-dimensional surface morphologies of TiN thin films are shown in Figure 2 . It is interesting to note that at lower nitriding time there is an increase in particle size as well as in the surface roughness for the nitriding time upto 60 minutes. However, further increase in the nitriding time results in the reduction in both the particle size as well as the surface roughness. The calculated values of surface roughness and particle size for all the samples are shown in Table 1 . It is found that the grown films are composed of long columnar crystal grains with valleys in between, as shown in Figure 2 . The increase in the nitriding time leads to the diffusion of more and more nitrogen and hydrogen ions inside the lattice. This diffusion leads to the filling of valleys in between and suppresses the grain growth in the thickness direction, resulting in flat smooth surfaces [26] . It can be clearly seen that the films with nitriding time 30 and 60 min were greyish, whereas the films with 120 min treated exhibit shiny golden colour. The change in colour (from grey to shiny golden) is correlated with an enhancement in nitrogen concentration in the host Ti films [27] .
The RBS spectra of TiNx thin films was fitted and analyzed with the help of X-Rump software. Figure 3 shows that there is a peak for Ti whereas a small kink is obtained for nitrogen. The results observed through RBS spectra are not in correlation with the observed XRD data as the XRD results suggested that there is a possible variation in the chemical composition but such kind of variation is not observed in the RBS spectra. On the basis of the results obtained through RBS, we can conclude that RBS might not be an enough accurate technique to measure the variation in nitrogen content. PL spectra of all the samples nitride at 150 V as a function of time are presented in Figure 4 . For each sample, there are mainly two PL peaks. The sample nitrided for120 min exhibits strong peak at 3.24 eV whereas the other weak peak is seen at 3.37 eV. The higher energy edge of the films is correlated with inter-band transitions, 
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whereas the low energy edge corresponds to the charged transfer excitation. The weaker peak is supposed to be originating due to the recombination of the surface states. This is because of the fact that in the case of nanocomposite thin films, the defects in the TiNnanosized grains with the holes lie in the valence band. The similar kinds of peaks have also been detected in chemically deposited nanosized CdSe thin films which were defined to be originating due to weak quantum confinement effect [28] . Further, considering the energy band gap of TiN as 3.23 eV -3.38 eV and the N deficiency in the composition, the higher energy peak was called to be attributed to the recombination of holes in the valence band with the electrons bound to the N vacancies in the shallow energy level beneath the conduction band, which can be called donor-bound excitons [29] [30] [31] . It has been visualized that the intensity of the PL spectra first decreases with the increase in nitriding time (for 60 min), and then increases for highest nitriding time. This is attributed to the fact that the donor-bound excitons are transferred into deep-trap defects, due to which their population decreases and as a results the intensity of the PL peak decreases [32] . Although an increase in the nitriding time (for 60 min) results in the increase in average grain size, further increase in the nitriding time (i.e. for 120 min) affects the lattice structure as well as the energy band structure significantly. Such observation was reported based on various measurements [33] . As observed through AFM measurements, there is a significant reduction in the grain size as well as roughness for higher nitriding time (i.e. 120 min). The valleys present in the films are suppressed due to which smooth surfaces are present. A comparison of this with the PL spectra yields that there is no significant shift with the nitriding times in the two present peaks. XPS measurements were performed over these samples in order to study the stoichiometric and non-stoichiometric concentration of nitrogen in titanium thin films (i.e. TiN & TiNx). eV and ~ 464.1 eV, respectively. The FWHM of ~ 1.5 eV between these two peaks is almost constant, which confirms the formation of Ti thin films. This value is in good agreement with the observations of Pivin et al. [35] and Bertoncello et al. [34] . It is clear from the spectra that Ti 2p3/2 (458.6 eV) and Ti 2p1/2 (464.1 eV) core levels obtained from the TiNx compound are shifted towards higher binding energy values with respect to the Ti 2p3/2 line (453.6 eV) and Ti 2p1/2 line (459.7 eV) for pure titanium [36] . Also the intensity of peak for the film nitrided for 120 min is found to decrease as compared to the pristine film. This may be attributed to the formation of near-stoichiometric TiN phase. In our case, we have followed the procedure used by Galvanetto et al. [37] and measured the nitrogen content the area ratio between N 1s and the whole region of Ti 2p signal. 
CONCLUSIONS
The growth of single phase non-stoichiometric TiNx thin films was investigated by varying nitriding time at fixed N2 & H2 gas ratio and pressure using hot cathode arc discharge plasma system. XRD measurements inferred that the films are not fully crystalline due to low intensity and large width of the peaks observed in diffraction pattern. The increase in nitriding time leads to the diffusion of more and more nitrogen and hydrogen ions inside the lattice, as observed through AFM measurement. This diffusion led to filling of valleys in between and suppressed the grain growth, resulting in smooth surfaces. It has been found that intensity of PL spectra first decreases with an increase in nitriding time (up to 60 min), and then increases for highest nitriding time (120 min). This is seemed to be due to the fact that donor-bound excitons are transferred into deep-trap defects. Local electronic structure investigated using XPS showed that Ti 2p3/2 and Ti 2p1/2 lines appear at ~ 458.6 eV, and ~ 464.1 eV, respectively. The FWHM of ~ 1.5 eV between these two peaks was observed to be almost constant, which confirm the formation of Ti thin films. Both the binding energy and their FWHM values infer the formation of TiN phase in the present films. The correlation between structural and optical properties was established in a mutually consistent manner using XPS results.
